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Drain voltages of a test structure of duai gate MOS-JFET CCD (’lIJ J032) were measured by an advanced laser scanner.
The potential variation of the test structure at various sour~  and gate voitages  were measured by monitoring drain voitages  -
with respect to the scanning laser position. In this repro% a fine continuous, constant energy He-Ne laser beam of the
Multipurpose Microelectronic Advanced Laser Scanner (?vfMEALS)  is utilized for the characterization of local variation of
the sensor performance within the test structure. The characteristics were compared with whoie device performance by the
semiconductor parameter analyzer, The threshold gate voitage  of the optimum device operation for a fixed source voitage
was determined by monitoring drain voltages with respect to gate voltages whiie  the iaser  illuminated on the device. Such
Utreshoid variables then were used to coiiect locai  responsivity of the test structure to find defects most vulnerable in
design, fabrication and radiation, whiie  the micron-size laser beam is scanning on the whoie test structure in a controlled
manner. Preliminary resuits  show that excelient  correlation between specifications characterized by the semiconductor
parameter tester and those by iasers.  Furthermore, the local  variation of tie  drain voitages  obtained by lasers closely re-
flects the details of the fabricated test structures. Thus, the new MMEALS couid be used not oniy in testing design effi-
ciency and performances but also in characterizing local  variation of the device, which are vital for intelligent manufactur-
ing of highiy goal oriented microektronic CCDS or active pixei semors.

“ The research described in this paper was carried out by the Jet Propulsion I..aboratory,  California Institute of Technology,
under contract with the Nationai Aeronautics Space Adnlinistra[icm  under tile  NASA Microclcctronic  Space Radiation
Effects Program.
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Drain voltages of a test structure of dual gate MOS-WXT CCD (’IIJ J032) were measured by an advanced laser scanner.
The paent.ial  variation of the test structure at various source and gate voltages were measured by monitoring drain voltages
with respect to the scanning laser position. In this report, a fine continuous, constant energy He-Ne laser beam of the
Multipurpose Microelectronic Advanced Laser Scanner (MMJWl S) is utilimd  for the ch,aracteriz~tion  of local variation of
the sensor performance within the test structure. The characteristics were compared with whole device performance by the
semiconductor parameter analyzer. The threshold gate vol~lge of the optimum device operation for a fixed source voltage
was determined by monitoring drain voltages with respect to gate voltages while the laser illuminated on the device. Such
threshold variables then were used to collect local responsivity  of the test structure to find defects most vulnerable in
design, fabrication, and radiation, while the micron-size laser beam is scanning on the whole test structure in a controlled
manner. Preliminary results show that excellent correlation between specifications characterized by the semiconductor
parameter tester and those by lasers, Furthermore, the local  variation of the drain vol~ages  obtained by lasers closely re-
fleCL$ the details of the fabricated test structures. Thus, the new MMEALS could be used not only in testing design effi-
ciency and performances, but also in characterizing local variation of the device, which are vital for intelligent manufactur-
ing of highly goal oriented microelectronic CCDS or active pixel sensors.

Laser scanning systems have been vigorously developed ever since a wide range of lasers have become avaiiable.  IIowev-
er, utilization of the laser scanner in semiconductor devices has been limited to only a few awts such as solar cell modules
[11 and cross sectional analysis of solid state multi-layer device materials. Recently, the technology for scanning, sensing,
image processing, and laser manufacturing has become much more mature. opening up several new avenues of application.
For example. the technology can now precisely locate a focused probing laser beam onto the exact position most vulnera-
ble to damage at a fast (<one millisecond) rate [2], and automatically collect performance parameters from many points
on the device thanks to easy access to personal computers. Various wavelength laser beam can be focused down to a 2
micron spot size, limited only by diffraction effects, making it possible to probe a specific layer of individual transistors.
These technology advancements have made the Liner Scanner very attractive for utilization in nondestructive lateral and
vertical characterization within an individual sensor pixel.

Microelectronic sensor devices employed in spacecraft applications are continuously exposed to the risk of energetic parti-
cles. If a cosmic ray or an energetic particle such as proton strike occurs. anomalies can range from a change in the
analog state of the sensor to danmge in the soiid  state  semiconductor material. Ihe.sc cause changes in Lhc device efficien-
cy and possible permanent degradation [o the device. In some cases, the device parameters (current and vol~~gc.) change
only for a cermin period after the radiation. To counter these problems, some manufacturers have evolved techniques to
increase radiation resistance by hardening and by changing the integrated circuit and operational software designs. Testing
of radhuion  sensitivity has<, however, proven to be expensive and rime-consuming.

Charged particle interactions can also present severe problems [o a solid state electronic system of CCDS in space due to
the generation of soft and hard errors [3,4]. Proton cnvironlllcrrls  of the space is a serious concern of space imaging
projects. Energetic particle could genera~e damages in CCII and electron-hole pairs (3.6 eV@air  for silicon). Currently, a
very large semiconductor integrated parwnctric  test systcm is required 10 assess the ovcrail functional sensitivity of CCDS
to proton radiation. Radialion  hardness verification testing of design changes, or effectiveness of radiation hardening in
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packaged dcviccs  is expensive and time consuming. I’hesc tests  can also be pe.rft)rmcd  WI(I)  phc)loos  (li~ht)  haviag  an
energy larger than the semiconductor bandf!ap (1.1 eV for silicon), because lhry prt~ucr  clec[ron-llolc  pairs in ttlc dcvicc
as injecl  parmnctric tcswrs (for cx,amplc,  }11)4 145). In addition, a Iascr beam can 10C:IIIY (both  in vertical and horizontal)
produce enough free carriers (6. lx 10ZG pairs/cn~

3 for 1 mW }Ic-Nc laser) to cl~arac[eri~c ll~[cgrated  circuih wi[hou(  dlc
atlcndant  difficulties of other techniques, and is qui(e economical. Acccssibillty  to any sin:lr  Comp(mm]t III a Cucui[ ]naks
il suitable for routine testing of circuiLs for defect  sensitivity, such as pixel cross  talks.

Virtual phase technology is a well known technology for fabrication of lwgc-area CCIX. Correct  information of tile  gale
oxide surface potential pinned to the substra~e  pcxential  and of the nlaximum  buried channel pomtial are essential for a
high charge tmnsfcr efficiency in bulk channel CCDS [5, 6]. The actual dcvicc  Performlancc  parameters, such as necessary
g:i[e potcn[lals,  and ciock  swing for the optimum device operation should bC dcterluined. lly chauging  gate bias for each
fixed source voltage, the built-in potential margin as well as the clock well Potcu[ial  collapse :irc directly observable by this
technology.

In this report, polcntial  variation within the clocked well-virlual  batfier  (CWVII) and clockc(i  barrier-virluai wci] (C}lVW)
of the duai gate MOS-JI;E1’ CCD test structures (TIJ J032)  were Illcasurcd  as a function of gate bias voltage at a fixed
source VO]lage  under the local irradiation of the }Ic-Nc  laser. Since the drain volwge  of a test  sLructure a( a flxcd source
voltages depends upon charges collected at the drain, the voltage variation of a drain iit ii flxcd f!atc voltage (@ends  UPOI)

the profile of the fabricated buried channel CCD and the physicai  defects of the. structure when the laser power is constm[.
l’hc potential in a buried channel silicon CC]) test structure was also charactcriz.cd aflcr an irr:idiation  of 250 Krad of
~50KeV protons(loip  protolls/cl~~~)  at roonl ten)pcra[ure  to we the.  nature of tile dcfccls  due to tbc proton r:idiation.  FOr

the quality assurance of the device reliability against potential opmitionai  failures, preliminary test results were aiso dis-
cussed comparing with the totai device performance collected by paramctm  lcstcr m understand the physicai  and functional
optimization of the devices.

Figure 1 shows the overall optical view of the device, while  Figure 2. shows the dual gate MOS JFE’1’  test transistors. Five
aluminum wires were bonded to the pads of bulk(l)), source(S), g,ate(G), drain 1 (1} 1 ) and drain 2(1)2) and to respective
posts for these measurements. Close-up SEM views of the test stl ucturcs  (CWVB and CBVW) are also shown in Figure
3. ‘1’hese  Lran$istor$  correspond to the virtual well-clocked barrier and clocked well-virtual barrier rc.gions in the virtual
phase CCD, and are fabricated at the same time as the virtu:il  phase CCD irnagcr. These transistors are used to measure
the potential energy of barriers and wells, as affected by the variations of the gate bias. Using these dcviccs the clocked
well po(ential  collapse as well m the built-in potential rnmgin  necessary to dcveiop latcr~i friaging  fields  arc directly
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I:igure 2. Close-up view of the. tcs(  structures, I;ivc
wire bondin~s were made for tilesc  tests.  B: Ilulk,

I;igurc  1. Overall optical  view of the dcv]cc,  ‘i’IJ S: Source, G: C,:itc, 1)1: IJr:iin  of CWVII,  and 1)2 :
J032. Arrow indimtcs  the test structures. lhin of CBVW.
observed. ln addition, va]ucs for Potenliai  w’cil levels  aud tlIe ncccssmy Clock  Swln: Ior proper dcvlcc (Jpcratlon  arc easily



dc(crnlincd.  These devices, therefore. serve as efficient process monitoring tools.

Figure 3.

: .....’ 3 .,. ..

SEM views of the test structure. CWVB, CBVW. The arrows indicate the areas scanned by the advanced laser
scanner for the drain potential variation.

A cross section of a two-phase CCD along the charge transfer channel is shown in Figure 4. In this design, charge transfer
directionality is achieved by placing suitable implants under various portions of the phase electrodes, as indicated by “+”
or “-” signs. These implants produce permanent potential barriers and wells which are raised and lowered by application
of the appropriate voltages on the overlying gates to provide complete and unidirectional charge transfer. In virtual phase
device, the electrode which is mainmined  at the dc potential is not built above the gate dielectric as a separate slructure,
but rather is built  directly into the silicon surface and is biased at the substrate potential.
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Figure 4. SChCn)iltiC  cross section diagram of dlc test suwcturcs

one important feature of the buried channel structure to note is that electrons are stored awiry from the surlacc l’hcrc-
fore, free from the undesirable influence of surface scattering and traps. Anod~cr  important feature of the buried channel
structure is called the potential pinning phenomena. As the g:itc  potential VG is lowered toward more negative bix,  the
surface potential V~ also is Iowcrcd until it rcacbcs the point where VS = 0. When this occurs, the holes from the channel
stops will flow across the surface and prevent further lowering of V~. Thcrcforc, V,~ is pinned to zero. Since lhc holes
can occupy only a very thin region of space near the surface of the silicon. Lhc potcntlal  profllc  within the silicon will not
be affccmd  by the number of holes needed to compensate any additional field induced by the gate.  As a result, the nlzxi-
mum value of V~ also will bc pinned to some value, regardless of further lowering of k gate potential. Since the pinned
potcn(ial  profile of the buried channel structure, signal charge (electrons) can be cffcctivcly  stored or transfcmxl  under the
accumulated Iaycr of holes, independent of further changes of the voltaqc  on the ~overlyinq  gotc.  in this case the hoics
accumulated at the surface act &s a virtuiil  gate for rhc undcrlyin?,  buried channel rc:iol).

‘1’hc multipurpose n]icroclcctrt)nic  xlvfinccd laser scnnncr (M MIIA1 .S), as sIN)w’[1 In l;igurc 5, is bilS~d  ~m the princlpic LI)M

photons  tlliit hiivc cncrgius :rcalcr th~ thc gap of the semiconductor cm bc absorbed. pr(xlucing  clcctr(Jl]/l~ole  pairs in d)c
dcvicc under test. In the !vlMIl,I\I  .S, Iigh( from fi continuous 1 !c-Nc Iwr bc:uII is ltKWSCII  :]t SClcctCd IOC:I(I(NM  On an
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intcgrfi[crJ  circui[  [o [CS[ for vulncrabi]ity  of [hose
locations [o device performance. l’hc beam can be
scanned  from onc location to another in a controlled
manner [0 identify sensitive areas. ‘Ilw wavelength
and energy of the laser beam can be tuned to vary
Llw effcctivc depth of prmctmtion  of tiic photons so
m LO probe the Iaycrs of the circuit wi[h great  scnsi-
tivlty. 11 is m oplo/elccwo/nleci121  )ic:il apparatus for
nondestructive testing of integrated sensors, logic
circuits, and other rnicroelecuonic  devices.
MMEA1.S is in addition, a multipurpose diagnostic
system lhat can be used to dctcrmirw  ultrafast  time
response, leakage, and electrical overstress in
complex ICS u[ilizing  other device information such
as mask pamxns  and device parameters. Most nota-
bly, it can bc used to simulate the effects of heavy
ions accelerated to high energies and then deterlninc
the susceptibility of a digital device to single-event
upsets (changes in stored bits unaccompanied by
significant permanent damage) as well as
latchups(2].

Figure 5. Test setup of the MMEALS.

By slowly scanning the laser beam on the microelectronic components in an integrated circuit, the most sensitive compo-
nent of t.hc integrated circuits can be idcntifrcd  and plotted on arl optical bit n~ap of Um device. Such variables as the Iascr
energy deposited in the device under tes~ and the threshold value causing faulty performance can be plotted, and use to
explore methods to optimized the device perfommnce  [7].

Because of fundamentiil  differences between irradiation by laser at an isolated portion of an eiecuic  component and inject-
ing carriers in to the device by electrically biasing the device, cauLion must be exercised in interpreting the results of tests
on the MMIZAI.S. For example. one difference is that the track of eiccrronhole  pairs injected by a scmiconrirrctor  paramet-
er analyzer reflects the whole device performance, while that of the carriers generated by laser btzrm irradiated on a
component represents only the performance of a 10C:II  part of the in[cgra[ed device.  Another difference is that ti)c density
of charge earners produced by the laser beam decreases approxirllatcly  cxponcntial]y  with depth  of penctratlon,  while that
of an injcc[cd  carrier does not. Still other  differences involve energies and mecbanisIl~  of intcrac[irm  wrth LIIC senliconrluc-
tor structure and distributions of charge carriers. Despite these differences, initial results  show excellent agreement be-
tween pam  charactcriz.ect  by laser  and parametric analyzer. “1’hus the ncw MMILA1  ,S represents boti~ an efficient way of
chmacterizing  parts and, for the first time, identifying key elcmmlts  of concern in a given dcvicc lcxal structure.
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:ind II. “1’hL! gtiw vt)iliigcs  were changed over rile range from -8.0 volts to + 40 voits. “l’he voltages  of the drtiin  at several
fixed gate voimges  under ii source VOIM:C  0[ 10 volts were monitored by scanning a focused }Ie-Nc  laser (wavelength:
6.32.  $ nanometer) bc:un  over the  test minslswrs. ‘he beam dianleter  of the laser is about 2 microns and the power of the
I:iscr Is one microwatt,

I:lgurcs 6 and 7 Show” tht dr:urr vollagc  vwlxmn of the CBVW at 10volts  of source vollage with respect to various  grtc
VOIMSCS  by 11P4 145 paramewr  msler and by MM E.AI. S. For the both nwasurcmcnrs, the clocked barrier were pinrwd at
V~ = - 5.5 volts to V~ = 2.0 volts, while the V~ saturated to 4.4 volts at V~ = - 3.0 volts. I“his indicates tha[ [he gate
voi L3ge shouid be regulated by the system clock for the needed potential barrier shift from lower than - 5.5 volts  10 higher
than -3.0 volts for the effcctivc charge  tmnsfer  for this device.

Figure 6. Change of the drain voltage of CBVW
with respect to gate voltage under Hc-Ne laser irra-
diation by 11 P4145.

Vg (volt)

Figure 7. Discrete measurements of the change of
drain voItage, V~, of CBVW with respect to gate
voitage, V~, under IIe-Nc laser irradiation.

Sinliimresuits  for the test structure of CWVll  arc shown in Figures8 and 9. V~ were pinned to be2. 1 voitsat V~= -6.0
volts anti V”~ were satura[cd  at 2.7 volts wiwn V~ = -4.0 volts for both 11[>4 145 and MMI{AI. S tests.

?8,

I

I;igure 9. Discrete mcasurcmcnts  of (hc chan:c  ~)t
drain voitagc, V~, of CWVII with respect to ::llC
VOi MgC, V(; , unclcr 1 Ic-Nc kL~cr lrfilLJi:ltlorl



l%e potential distribution of the test structures at a
fixed source voltage of 10 volts were measured by
monitoring drain voltages at vwious gate voltages
ranging from -8.0 to O voh.s. The background data
which were taken under no laser irradiation are
shown in Figures 10 (a). ne topologi~  vfiations
of the drain voltages at V~ = 10 volts under differ-
ent gate bias voltages are displayed in Figures 10
and 11. The drain voltages are shown in Z-axis
with respect to the location of test structures when
the lasa scans Ovff the test Stfuctuf=.

I%gures 10 (a)-(g). Topological displays of the drain voltage at several different gate bias voltages for the test structure
C5VW.
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Figures 11 (a)-(g). Topological displays of the drain voltage at several different gate bias voltoges for the test structure
CWVB.

7



.

Note that the scales of Z-variables of ail plots are the same (700 InV) for a direct visual  comp~wison.  but the ranges of the
Z-axes are shifted according to the average drain voltages. The measured drain  volLlges  were shown in Z-axis with respect
to the area (X x Y = 50 PI x 60 ~) scanned by the liner. Any sudden deviation from the average drain potential can be
interpreted as physical defects of a device. No deviations were found in this test. Had there been such deviation, howev-
er, the nature of the defects could  be analyzed using tJtese  test results as a guideline by further destructive analysis. This
infom~tion  could then be utilized for screening high reliability imaging systems for space application.

Note also that the clocked barrier collapsed at VG be-e higher than -3.8 VOIM  for tie CBVW as shown in Figure 10 (d).
while the clocked well were collapsed when the gate voltage became higher than -4.8 volts for the CWVB as can be seen
in Figure 11 (c). This means hat the MMEAI.S can use not only for an optimizing tire device parameters but also for the
efficient  process manufacturing tool of the CCD fabrication.

5. mTT.~S  w ~ mm DAMAGE
Two general types of CCD radiation damage important to the CCD have been previously reported as ionization and bulk
damage. Rtxent  analytical and experimental work has provided new insights into the production of damage sites in silicon
CCDS by energetic partic1es(2].  In order to examine the change of the potential structure, the test structures were irradiat-
ed by protons at room temperature (10 12 protons at a flux of 1x108 protons/see. CMJ).  In this experimen~  the protons are
approximately monoenergetic  at 250 KeV. The darnaged test structure was then characterized using both MEAI S and the
parameuic  tester. The clocked well was collapsed as usual when the gate voltage was lower down by about 1.0 volt which
is the same as before radiation as shown in Figures  10 (d) ~d 1 I (c). Bulk damage could be induced in tie silicofl matefi~
on which the device is fabricated. Bulk damage occurs when radiation events dispk~ce  silicon atotns  in the lattice structure
creating bulk traps. In addition, electrons from the siIicon  valence band can thermally hop to trapping centers generating
high dark current and creating hot pixels or dark spikes. However, no significant shifts of the gate voltages between the
pinning and saturation voltages were observed 17 days after the radiation as shown in Table III. This is probably because
of the mdmtion was performed at room temperature.

Table HI. Change of the gate voltage difference% between pinning and saturation after the proton irradiation.

Annealing time(Hrs) o 12.

Shifts(Volts) 1.11 1.20

139 374 422

1.07 1 .OG 1.00

+.. ‘)’$V  .-; ..–.. —-—7---  ..-——-  ,-.. ., , -., .T -.. . . . \ o
s%&? aF3e e””1~

Length (microns)

Figure 12 shows the variation of the drain voltage
(V~) of CWVB with respect [o gate voltage (V~)
after the proton irradiation. The depth of the clocked
well at the same gate voltage of - 4.0 Volts was
reduced to 29% (0.2 Volts) from the initial potential
depth of 0.7 volts. When electron-hole pairs are
gcncra[cd  by emergctic  p.articles passing through the
insulator of t!lc gate oxide, ionizing damage arises.
The charge created can be trapped in the insulator
resulting in ftat-band  shift in the clock operating
voitagcs  to the CCD resulting degradation of the
charge transfer efficiency (C1”E). Charges buildup
in the oxide become trapped at the gate Si-SiOz
interface [3]. I“hcse results may reflect the dcgradii-
tlon oi the potential profile of the test structure after
the proton irradiation regrrdlcss  of their origins.

I:igure 12. Topological map of the potential distribution of tbc CWVII a(tcr 10IZ proton irradiation at room m~pcrahrre.
The device were functioning properly even after the proton irradiation. lIowcvcr, the built-in potential O( the test structure
were dcgmcicd to 29% as shown in Table IV.
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Table IV shows that shifts of the threshold volkqge  of the test structure after the proton irradiation at room temperature.
Initial increase of the tireshold  voltage followed by the decrease below than the initial voltage has been observed as was
reported elsewhere. Further anal ysis is on the way for the performance related to this observations.

Table IV. Change of the Built-in potcntiat  depth with a the test structure CWVB after the proton irrdatiom

Annealing Time(h) o 1.6 21 120 422

Depth(volts) 0.72 0.16 0.14 0.14 0.14

In the Multipurpose Microelectronic Advanced Laser Scanner wMEALS), light from a focused, continuous laser beam is
utilized. The hser  beam is scanned in a conkolled manner to chamckrlze  the efficiency of the device performance within
the test structures, and then precisely focused on seiected  locations to test individual IC elements. Laser energy, wave-
length, pulse duration, etc. can be varied in order to determine the threshold value, depth, and location of the most sensi-
tive regions on the IC. Initial results of the local functional response of the test structures shows excellent agreement with
those of the parametric tester. Ilus, the new IWEALS  represents both  m efficient ~d inex~nsive way of ch~acteri~ing
CCDS.
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